
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

I 
I 
I 

NASA Technical Memorandum 1005O1 

SPACE STATlON ACCOMMODATIONS FOR LUNAR BAS€ ELEMENTS - 
A STUDY 

tlreene J. Weidrnan 

William Cirillo 

Charles Llewellyn 

Martin Kaslubowski 

E. Michael Kienlen, Jr. 

NASA 
Naaonal Aemmuacs and 
Swca Adminrsnaaon 
hnqtey Research Centa 
Hampton, virpia 23665-5225 

, 



I 
I 
I 
u 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

INTRODUCTION 

The Space Station has been an object of considerable design, 
redesign, and alteration since it was originally proposed in 
early 1984. In the intervening years, the station has slowly 
evolved to a specific design that was very thoroughly reviewed 
by a large agency-wide Critical Evaluation Task Force (CETF). As 
Space Station designs evolve, studies must be conducted to determine 
the suitability of the current design for some of the primary 
purposes f o r  which the station will be used. 

This study was requested by the Office of Aeronautics and 
Space Technology (OAST) in NASA Headquarters to specifically 
evaluate the technology required for the Space Station to accommodate 
a phased series of missions with the expressed goal of providing 
and maintaining a manned lunar base. The impacts on the station 
were defined and the required technology needed was specified. This 
study is an example of the many future evaluations of the station 
designs and their applicability to specific purposes that will 
be required before the space station is accepted as a truly general 
purpose facility. 

study's results that was presented to NASA management on June 
18, 1987, and includes all conclusions and recommendations available 
then. 

This report is a compilation of the final report of the 
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LUNAR BAS& ACCOMMODATION STUDY 

PRESENTATION OUTLINE 

Presentations made on the lunar base accommodations study were 
made in the order shown below. An introduction and overview set 
the stage for the entire meeting, and a complete description 
of the lunar missions and the vehicles was presented. 
Next, the interfaces between the lunar base infrastructures and 
the space station were identified and discussed. A number of 
options were defined and compared, and the results of some initial 
studies were presented. Then, the support requirements from the 
cape were presented and lunar base assembly ops were discussed. 
In the final section of the report, the technology and science 
effects of the lunar base were assessed, and the resource requirements 
were defined. All of the key results of the lunar base accommodations 
were summarized in the final few charts. 
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LUNAR BASE ACCOMMODATION STUDY 

This chart indicates the content of the team assembled to study 
the lunar base accommodation on the space station. The team consisted 
mainly of space station in-house staff from LaRC, with some of 
their contractor support. Two other centers also supplied needed 
additional support in key areas. 
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LUNAR BASE ACCOMMODATION STUDY 

STUDY OBJECTIVES 

The Lunar Base scenario and Lunar spacecraft systems were provided 
by Barney Roberts and his task force at JSC. Thus the objective 
of this study was to establish all of the impacts on the IOC 
space station of accommodating the Lunar Base missions. 
Impacts in the listed areas were of primary importance; that 
is, resources 
required, interfaces between systems, science impacts, new technol- 
ogies requiring development at the space station, and general 
definition of required configuration changes. 
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LUNAR BASE ACCOMMODATION STUDY 

GROUND RULES 

This chart shows the basic assumptions that were made in the process 
of assessing the impact of the lunar base on the space station. 
For this study, the CETP redesign of the space station (Sept. 1986) 
was chosen as the baseline station design. An early manned mission 
was also assumed as dictated by the JSC provided scenario. by this 
assumption. Two already planned ,unmanned precursor missions, the 
sample return and Rover missions, were included to finalize the Lunar 
Base site selection. Also the JSC study on lunar bases provided the 
fundamental definition of the total mass (vehicles, crew, logistics, 
propellant) which passes through the station as a function of time. 
It was also assumed that the lunar mission vehicles would be builtup, 
maintained and refueled at the station.The propulsion systems were 
assumed to be 1iq.uid H2/ 02 chemical systems. The activities of the 
OTV and OMV were assessed and it was decided that both vehicles needed 
to be man-rated and sDace- based to accomDlish the manv tasks thev 
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would be called upon 'to complete. 
to provide the high mass-to-orbit for lunar base support. The study 
considered only the early (up to 2010) time frame, since the definition 
of the growth lunar base,has many more unknowns than the earliest 
possible lunar bases included. 

An opekational HLLV-was also rGquired 
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LUNAR BASE ACCOMMODATION STUDY 

SCHEDULE 

This chart indicates the short time available for this small group 
to complete the studies involved. This time line was rather strictly 
adhered to, and the activities were accomplished as noted. The time 
from the initial review to the final oral review was two months. 
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LUNAR BASE ACCOMMODATION STUDY 

FINAL ASSEMBLY CONFIGURATION 

This chart illustrates the initial configuration upon which the lunar 
base accommodation study was based , and is a picture of the CETF 
version of the IOC station without all the payloads. 
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I LUNAR BASE ACCOMMODATION STUDY 

IOC-SS SUPPORT REQUIREMENTS I 
I 

I 
I 
I 

This chart illustrates the primary activities required at the space 
station in support of the lunar base activities. The activities have 
been separated into two time periods; early ( ' 9 7 - ' 0 0 ) ,  and growth 
('OO-,lO). The early activities are devoted to the assembly and con- 
struction of lunar accommodation infrastructure at the station, develop- 
ment testing for key technologies, and, finally, verification testing 
of lunar vehicles. These activities were considered the essential 
ones that were required early in the development phase of the lunar 
base, and more detail will be presented later. 
The activities considered for the "growth to full base" capability 
are shown in the second list, and include the requirements f o r  providing 
the lunar base supporting facilities, for providing servicing to 
these facilities, and for providing development and verification 
testing for any advanced new technologies that may be defined in 
the interim. 
These activities will be explained later. 
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LUNAR BASE ACCOMMODATION STUDY 

SIGNIFICANT ENGINEERING QUESTIONS 

The key important unanswered questions that arose during this study 
are listed on this chart, and include some enabling technologies 
that were considered ESSENTIAL for a realistic lunar base to be accom- 
plished. 
Many questions still remain to be answered on the cryogenic fuel 
handling, including automation of the fuel transfer procedure and 
robotic handling of the fuel tanks themselves. The handling of the 
boiloff, whether through reliquification or use for reboost or attitude 
control, still remains an important question, and large improvements 
in mass-to-orbit can still be accomDlished with some enaineerina . 4 4 

ingenuity in fuel handling. 
The methods for aerocapture and design of the aeroshell is an enabling 
technology for any reasonable lunar or planetary missions, and verifica- 
tion of the most promising designs is essential. Replacement of an 
aeroshell design with an all-propulsive design would cause an unacceptabl 
high weight penalty, and would still need verification testing. Aeroshell 
design must be started early, so that other portions of the transfer 
vehicles can be designed around the aeroshell. 
The life support systems for the lunar base will be required to operate 
continuously and these systems need to be defined, built, and verified 
long before the lunar base can become a reality. Many questions exist 
about the methods for recovery of 02, N2, H20, and wastes that need 
to be answered before life support can even be designed. This activity 
must be started as soon as possible in order to answer these design 
questions, and much resupply savings can be accommplished by an efficient 
life support system design. 
The crew requirements are not well defined at present, and, while 
reasonable assumptions are made in this presentation, the best selection 
of crew size, replacement rate, crew work load, psychological and 
other factors still is needed. 
Finally, integration of all of the elements of the lunar base infra- 
structure still needs to be completed in an overall design. This 
activity requires most decisions to be made on the other systems 
first, and forces the lunar base design to start soon. The question 
of refurbishment/maintenance appears very important, because the 
major impact on space station resources and science programs are 
associated with these functions. The aeroshells are an excellent 
example of the savings possible by refurbishing an existing element. 
Detailed analyses of the resources required to accomplish both refurbish- 
ment and maintenance are needed. 
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Lunar Base Accommodation Study I 
1 OUTLINE 

I 
I 
I 

The following section of the Lunar Base Accommodation Study discusses 
overall mission design, mission elements and desirable program timelines. 
The vehicles necessary to establish and support a manned lunar base are 
also presented. 

Once the mission and vehicles are defined the impacts to the Space Station 
can be assessed in a practical manner. 
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Lunar Base Accommodation Study I 
MISSION PHASES 1 

I I 
I 
I 
I 
I 
I 

This section of the report only deals with on orbit and lunar activities! 
Ground launch activities and schedules are dealt with in a following section. 
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Lunar Base Accommodation Study 

LUNAR BASE 0BJE;CTIVES 

I 
There are three basic objectives in establishing a manned lunar base 

that are beneficial to mankind. The first obljective, science, is two-fold. 
The moon is an ideal site for conducting various experiments including noise 
free radio astronomy, atmosphere free astronomical observations, and low 
gravity experiments. In addition to being a good platform for experimentati 
detailed studies of the moon will provide information on planetary geological 
evolution and solar system development. 

The second objective in establishing a manned lunar base would be to utilize 
lunar resources such as lunar produced oxygen and lunar materials for LEO an 
GEO shielding, If lunar oxygen can be produced in large quantities as is 
theorized and transported to low earth orbit, oxygen need no longer be launc 
from earth, reducing launch costs. 

The final objective is a long term goal of establishing a permanent, self- 
supporting lunar colony. 

This study only extends to the year 2010, and provides for a combination of tl 
first two objectives with the potential for establishing a permanent colony 
the far future. 
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Lunar Base Accommodation Study 

LUNAR BASE SCENARIO I 
The lunar base proposed in this study has three phases. The first phase 

consists of robotic exploration of the lunar surface from 1994 through 1999 i 
order to select an appropriate landing site. 
lunar orbiting satellite to provide a detailed map of the entire lunar surfac 
*This mission would be followed by several sample returns and delivery of seve 
unmanned lunar rovers for detailed landing area investigation. The final step 
in this phase could be the delivery of telerobitic or automatic construction 

1 equipment for site preparation. 

l The second phase ( 2 0 0 0 - 2 0 0 5 )  begins with the delivery of a small power plant, 

The process would begin with a a 
I 
I 

I 
habitat, unpressurized rover, and various scientific experiments to the 
prepared landing site. 
base for up to two weeks at a time the first two years. As more facilities anc 
equipment are delivered to the moon, stay times will increase. Also during th:- 
phase a small scale mining of lunar regolith is started and the experimental 1 
production of lunar oxygen is begun. 

Phase three begins in 2 0 0 5  with the establishment of a permanently manned 
facility. 
located in two habitats with sevaral laboratories having been established for 
l i f e  science and materials research. The production of lunar oxygen will be 
increased to the point where the transports arriving from LEO can be refueled 
for their return trip to earth. 
developed for the storage and transfer of the lunar produced oxygen and 
provide a rendezvous point for crew transfer between arriving and returning 
lunar base vehicles. 

A crew of four personnel will temporarily man the 

During this phase the crew size will increase to twelve persons 

A lunar orbiting support facility will be 
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Lunar Base Accommodation Study 

I 
I 

MISSION CYCLE FROM ORBITAL MECHANICS 

Because of orbital mechanics considerations, including the space stations 
inclined orbital plane and the fact that the moon revolves posigrade about the 
earth at approximately 13 degrees per day, an opportunity for an in-plane 
departure from the space station to the moon occurs every 9 days. However, 
if one wishes to rendezvous with a lunar polar orbiting refueling facility, 
as the one proposed in this study, opportunities occurr only every 55 days. 
This means that beginning in 2005 with the arrival of the Lunar Orbit Support 
Facility ( L O S F ) ,  mission opportunities only occur every 5 5  days instead of every 
9 days. 

m In order to obtain regularly repeating Earth departure and lunar arrival 
windows, the moon‘s motion and the space station’s orbit must be synchronized 
with the lunar month. This synchronization occurs at altitudes and 
inclinations near to the present IOC space station’s orbit. 
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Lunar Base Accommodation Study 

MAJOR DEVELOPMENT MILESTONES FOR LUNAR BASES AND SPACE STATION 

The space station timeline shown is for the Critical Evaluation Task Forc 
(CETF) study conducted in September, 1986. 
vehicles and facilities necessary to establish and support a near term manned 
lunar base. 
advanced Orbital Transfer Vehicles (OTVs) with the capability to deliver 
approximately 77,000 lbs. to lunar orbit. Of the 77,000 lbs. only 38,500 lbs. 
will be usable payload with the rest consisting of ascent and descent stages a 
their propellants. 

All of the vehicles listed below are described in further detail later in the 
report. 

Shown below is the timeline for the 

The proposed primary lunar transfer vehicle is a mated pair of 

1 
I 
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Lunar Base Accommodation Study 

I 
I 
II 
I 
1 

LUNAR BASE ELEMENTS 

The table identifies the various elements that comprise the lunar 
base defined in the Civil Needs Date Base (CNDB), option 4 .  The superscripted 
numbers indicate the number of elements or flights, except in the case of the 
oxygen production plant, which, because of its large size, is delivered in thre 
flights and then assembled into one facility. The lunar flights that are 
displayed on the bottom line always consist of four manned flights per year 
with the remaining flights being payload deliveries. 

dramatic increase in necessary earth launches, mandating the need f o r  a heavy 
lift launch vehicle and the establishment of a highly reusable and operable 
transporation system. 

I 

Even the establishment and resupply of this small lunar base represents a 

I 
I 
I 
I 
I 
I 
I 
1 
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Lunar Base Accommodation Study 

I 
I 

WEIGHT LAUNCHED INTO LOW EARTH ORBIT 

The yearly weight that is required in Low Earth Orbit (LEO) is 
graphically presented. 
propellant farm structure, lunar transportation sysytem vehicles, logistics 
support, and propellant. 

The weight includes additional space station and 
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Lunar Base Accommodation Study 

I 
I 

1 

MISSION SCENARIO 

There are three proposed mission scenarios in this study. The first two, 
the manned and unmanned missions, begin in 2000 with the start of Phase 2 
activities. 
full scale production of lunar oxygen is begun in 2006. 

The lunar oxygen mission scenario does not begin until the 
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Lunar Base Accommodation Study 

MANNED LUNAR MISSION SCENARIO 

The delivery to and return of personnel from the moon is outlined and I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

illustrated on the following two pages. The mission begins with the depature 
of the assembled and verified lunar vehicle from the space station. The 
deberthing and manuevering of the lunar vehicle away from the space station may 
require the assistance of a large Orbital Manuevering Vehicle (OMV). 
After departure the first OTV will perform the tranlunar injection (TLI) burn 
and then aerobrake back into LEO. The remaining OTV and manned lunar 
excursion module will proceed to lunar parking orbit where the crew will 
descend to the lunar surface and conduct their mission. Upon completion 
of the mission the crew will ascend and rendezvous with the orbiting OTV for 
return to earth. After discarding the expendable ascent stage and performing 
the Trans Earth Injection (TEI) burn the OTV and crew module will aerobrake 
into earth orbit for rendezvous with the space station. 
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I Lunar Base Accommodation Study 

UNMANNED LUNAR MISSION SCENARIO 

The delivery of unmanned cargo to the lunar surface begins the same as 
the manned missions with the departure from the space station after on-orbit 
assembly and verification. In this case, though, the vehicle is unmanned, 
requiring the delivery process to be either automated or controlled from g r o u n 4  
stations. After departure, the first OTV stage will again perform the TLI burn 
and aerobrake back to LEO. After arrival in a lunar parking orbit, the cargo 
vehicle will descend to the lunar surface on an expendable descent stage and 
the orbiting OTV will return to earth and aerobrake back into LEO for rendezvo 
with the space station and eventual refurbishment for another mission. 

I 
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I Lunar Base Accommodation Study 

LUNAR OXYGEN MISSION SCENARIO 

Beginning in 2006 with the production of lunar oxygen, the number of OTVs 
required to deliver personnel and equipment to the moon is reduced from two 
to one. After the lunar vehicle stack arrives in lunar orbit i t  will 
rendezvous with the Lunar Orbit Support Facility ( L O S F )  f o r  resupply of  
lunar produced oxygen for the trip back to LEO. The lunar oxygen is delivered 
to the LOSF either by chemical means or by some other method such as an 
electro-magnetic mass accelerator. There will still be a requirement for the 
delivery of liquid hydrogen to the moon f o r  use with the reusable 
ascent/descent ( R A D )  vehicle which comes on line in 2006 to replace the 
expendable ascent and descent stages used previously. 

The  use of  lunar oxygen will greatly reduce the required mass in low earth 
orbit as shown in the previous weight in low earth orbit graph and thus 
reduce the number of required HLLV launches. 
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Lunar Base Accommodation Study I 

ORBITAL TRANSFER VEHICLE (OTV) 

The Orbital Transfer Vehicle (OTV) shown on was sized 
so that a mated pair could deliver approximately 8 7 , 0 0 0  pounds to lunar orbit. 
The OTV pictured is based on studies conducted by Boeing Company and General 
Dynamics under recently completed Phase A concept studies. 

The OTVs use liquid oxygen and liquid hydrogen propulsion systems with a 
specific impulse of 4 8 0  seconds. 
atmospheric braking and the required avionics systems to complete the maneuver. 

1 
The OTVs are equiped with an aerobrake for 

1 
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Lunar Base Accommodation Study 

MANNED LUNAR MODULE (MLM) 

The Manned lunar module shown is designed to accommodate four crew 1 personnel for transfer to the lunar surface. In the first year of operation 
the MLM will also be required to accommodate the lunar crew during their two 
week stay on the surface. 
mission to manned mission with refurbishment and checkout occurring on-board 

The MLM is designed to be reusable from manned 

the space station. 

The MLM is based on studies conducted by Gordon Woodcock of Boeing Company and 
work done by Eagle Engineering. I , 

I 
I 
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Lunar Base Accommodation Study 

EXPENDABLE LUNAR EXCURSION MODULE (E-LEM) 

The Expendable Lunar Excursion Module (E-LEM) consists of the afore 
mentioned Manned Lunar Module (MLM) and an expendable ascent and descent 
stage. 
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Lunar Base Accommodation Study 

REUSABLE ASCENT/DESCENT VEHICLE (RAD) I 
The Reusable Ascent/Descent (RAD) vehicle shown is based on the lunar 

surface, and is designed to replace the expendable ascent and descent stages 
used previously. The RAD will begin service in 2006 with the start of lunar 
oxygen production. The RAD will use the lunar produced oxygen but will 
require the delivery of liquid hydrogen fron earth in order to operate. 

The RAD is designed to operate from the lunar surface to lunar orbit, where it 
will either deliver equipment arriving from earth to the lunar surface or 
transfer arriving and departing lunar base personnel. I 
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Lunar Base Accommodation Study I 
1 MANNED LUNAR VEHICLE STACK 

The vehicle shown below is the fully assembled, manned lunar vehicle 
which departs the space station for trans lunar injection (TLI). 
stage OTV performs the TLI burn and then aerobrakes back into LEO for 
rendezvous with the space station. 
into lunar orbit and performs the trans earth injection burn upon return. 
The crew is housed in the Manned Lunar Module during the trip to and from the 
moon. 

The first 

The second stage OTV brakes the vehicle I 
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Lunar Base Accommodation Study 1 
- UNMANNED LUNAR VEHICLE STACK 

The complete unmanned lunar vehicle stack is designed to deliver 77,500 
pounds of cargo to lunar orbit. The lunar vehicle has two OTV stages, the 
first being f o r  the TLI burn and the second to park the vehicle into lunar 
orbit and then perform the TEI burn. 
38,500 pound expenable descent stage and 38,500 pounds of equipment. I The 77,500 pounds of cargo consists of a 
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Lunar Base Accommodation Study 

LUNAR MISSION VEHICLE SUMMARY 

The chart summarizes the design and performance characteristics of 
all o f  the required lunar mission vehicles. 
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Lunar Base Accommodation Study 

SUMMARY 

The proposed manned lunar base program which has been outlined here is 
ambitious in both the amount of equipment which must be transported to the 
moon and the timescale in which the mission is to be conducted. In order to 
accomplish .this scenario it is necessary that it be conducted in a safe and 
orderly manner. The development of highly operable transporation vehicles 
that can be readily refurbished for multiple missions is of extreme importance 
if this program is to be feasible in a reasonable manner. 
equipment, and operations must be designed and constructed to be safe and 
withstand the years of rugged use. 

I The vehicles, 

~ 

The three phase program allows for the orderly establishment of a permanent 
manned lunar facility with the potential for unlimited growth. 
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LUNAR BASE ACCOMMODATION STUDY 

OUTLINE 

This chart shows the outline that will be followed in this section of 
the report. 
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LUNAR BASE ACCOMMODATION STUDY 

ANALYSIS RATIONALE 

I 
I 

There are three parts to this section of the study. The requirements 
for on-orbit support facilities were determined, a quantitative analysis 
of the CETF IOC station was performed with the lunar support facilities 
attached, and finally a system level impact analysis was performed for 
the CETF IOC station and alternative facilities. 
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LUNAR BASE ACCOMMODATION STUDY 

MASS AND SIZE OF EQUIPMENT TO BE ACCOMMODATED 

I 
This chart shows the mass and size of each of the major components needed 
for lunar mission support. As will be shown in succeeding charts, the 
size, mass, and surface area of the vehicle hangar and the mass of pro- 
pellant produce the most significant impacts to the station. In par- 
ticular, the placement of the hangar and propellant tanks on the station 
greatly affects the behavior of the system in terms of static microgravita 
envelope, Torque Equilibrium Angles (TEA), and control system requirements. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION BASED OTV HANGER 

This figure shows a complete lunar vehicle stacked inside the hangar 
with extra equipment stowed. This shows the relative sizes of the hangar 
and the hardware needed to accommodate a lunar mission. 
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LUNAR BASE ACCOMMODATION STUDY 

LUNAR VEHICLE ACCOMMODATIONS OPTIONS 

The analysis of configurations for 
tenance facilities considered the 
options #1 and # 2  were analyzed fo 
by definition, options # 3  and # 4  p 

lunar vehicle preparation 
four basic options describe 
r their impact on the stati 
roduce little or no impact. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION BASED (OPTION #1) 
I Option #1 includes all lunar vehicle preparation and maintenance 

facilities on the station. The four sub-options listed were analyzed 
and represent a wide range of the effects produced by moving the support I 
facilities to various locations on the station. These four sub-options 
are described on the next four charts. 
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LUNAR BASE ACCOMMODATION STUDY 

h STATION CONFIGURATION (OPTION #1A) 

Option #lA has the propellant tanks below the transverse boom and attache 
to the lower keels, while the vehicle hangar is above the boom at the top 
of the upper keels. This option was chosen for study because it allows 
the system to be balanced by strategic placement of the propellant tanks. 

It is important to note that the analysis of option #1A, as well as that 
of each option that follows, maintained the standard Cartesian coordinate 
system of the CETF IOC station. The center of the coordinate system is in 
the middle of the center bay of the transverse boom with the positive X- 
axis extending into the velocity vector (out of the page and to the right 
in the view shown). The positive Y-axis extends along the boom to the lef 
of the picture, while the positive Z-axis points toward earth (to the 
bottom of the picture) through the lower boom. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION CONFIGURATION (OPTION #1B) 

Option #lB shows the tanks at the extreme top of the upper keels with 
the hangar just below. The next three options were studied to show the 
effects of varying the relative locations of the tanks and hangar. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION CONFIGURATION (OPTION #IC) 

Option #1C shows the hangar at the extreme top of the upper keels with 
the tanks just below 
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LUNAR BASE ACCOMMODATION STUDY 

STATION CONFIGURATION (OPTION #ID) 

Option #lD shows t h e  hangar a t  the  top of t h e  upper kee ls  and t h e  tanks 
a t t a c h e d  t o  t h e  kee l s  near the  middle of the  hangar. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION BASED W/PTF (OPTION # 2 )  

Option # 2  has all the support facilities, except the propellant, located 
on the station. In this configuration the propellant tanks are kept on a 
co-orbiting Propellant Tank Farm (PTF). Two sub-options are shown on the 
following charts. 

No effort has been made to develop detailed concepts for a PTF. However, 
a few of the important features that this type of structure would have 
to incorporate are : 

' 1. Robotic capability for maneuvering and re-positioning 
propellant tanks. 

2 .  Power to support propellant pumping, robotics, and a 
moderately sophisticated Data Management System (DMS). 

3 .  Docking ports for OMVs with completely assembled lunar 
vehicles. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION WITH HANGAR (OPTION #2A) 

I Option #2A is shown with the vehicle hangar at the top of the upper keels 
Options #2A and #2B were studied to determine how the performanse of the 
system changes with different hangar locations. - 
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LUNAR BASE ACCOMMODATION STUDY 

STATION WITH HANGAR (OPTION #2B) 

I Option #2B is shown with the vehicle hangar near the transverse boom. 
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The qi antitati 

LUNAR BASE ACCOMMODATION STUDY 

CONFIGURATION ANALYSIS 

e analysis of options #1 and # 2  foll-wed the approach 
described on this chart. Results were obtained for each of the sub-option 
and were compared to corresponding results for the CETF IOC station. 
Again, no analysis was performed for options # 3  and # 4  since, by def- 
inition, their impact on the station was minimal. I 
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LUNAR BASE ACCOMMODATION STUDY 

MASS PROPERTIES 

The chart shown contains mass property data for each of the sub-options 
and for the CETF IOC station. Note that the placement of the hangar 
and tanks on option #lA maintains the location of the Center of Mass 
(C.M.) along the Z-axis in nearly the same location as the CETF 
IOC station, while for the other options the C.M. is offset sig- 
nificantly. This indicates that by varying the location of the hangar 
and tanks the system may be balanced in order to minimize the effects 
on the performance of the station. However, when the tanks and the 
hangar are seperated as great a distance as they are with option #1A, 
many other the problems, such as those associated with transferring 
propellant to the vehicle, will likely be compounded. Clearly, a trade 
is required to compromise between the beneficial effects of mass bal- 
ancing, and the possibly detrimental effects of placing hardware and 
propellant were their utilization may be difficult. 
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LUNAR BASE ACCOMMODATION STUDY 

CONFIGURATION ANALYSIS 

The most significant results of the calculation of the mass properties 
are summarized on this chart. 
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LUNAR BASE ACCOMMODATION STUDY 

CONTROLLABILLITY ASSESSMENT 

I 

l 
I 
8 
I 

This chart contains results obtained from the analysis of the control 
characteristics of each sub-option and for the CETF IOC station. Note 
that the CETF station flies with a pitch angle (about the Y-axis) of 
+3.0 degrees, while all the options #1A-#2B have negative pitch angles. 
This means that the CETF station "leans into" the direction of its travel 
but that each of the options would "lean back". The sign of the pitch ang e 
is not a problem, however, since adequate viewing requires only that the 
pitch angle be between +5 and -5 degrees. The closer the angle is to zero 
of course, the more favorable the viewing. 

The negative pitch angles exhibited by the options is caused by the aero- 
dynamic drag associated with the projected frontal area of the hangar. 
Essentially, the presence of the hangar moves the Center of Pressure (CP) 
of the system well above the CM, thereby creating a net negative moment 
about the CM. Also note that options #lB and #lD both have more favorable 
pitch angles than option X1A because the difference between the location 
of the CM and the CP is less. Clearly, placing the tanks very high on the 
upper keels moves the CM high enough to partially offset the effect of. 
the drag of the hangar. 
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LUNAR BASE ACCOMMODATION STUDY 

CONFIGURATION ANALYSIS 

The most significant results of the controllability analysis are sum- 
marized on this chart. 
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LUNAR BASE ACCOMMODATION STUDY 

CETF IOC STATION MICRO-GRAVITY PROFILE 

This figure shows the static micro-gravity characteristics for the CETF 
IOC station. To interpret this picture and those which follow, note that 
the two ellipsoids that appear in dotted lines represent the areas in 
which accelerations up to 1 micro-g and 10 micro-g, respectively, can be 
expected. For the CETF IOC station, the 10 micro-g ellipse can be seen on 
the left encompassing the entire transverse boom. Within this volume, t h e g  
it can be expected to find accelerations from 1 X lo**-6 g's to 1 X lo**- 
g's. The much smaller 1 micro-g ellipse can be seen on the right slicing 
through the module cluster. Here, the measured accelerations would appear 
up to 1 X lo**-6 g's. It should be kept in mind, however, that these valu 
represent only the static behavior of the overal system: no analysis has 
been performed to determine the effects of the dynamic environment on the 
micro-gravity profile of the system. Clearly, a complete treatment of 
micro-gravity considerations would include such an analysis, but time 
constraints precluded that level of detail in this study. The following 
charts show the micro-gravity profiles corresponding to options #1A-#2B 
which should be compared with the CETF station profile shown here. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION CONFIGURATION (OPTION #1A)  

1 
I 

MICRO-GRAVITY PROFILE 

This figure shows the static micro-gravity characteristics for option # l A  
The micro-g profile of this option is very similar to that of the IOC 
station because the hangar and propellant tanks were located in a positio 
which minimzed the change in the position of the Center of Mass (C.M.) i n 1  
an effort to leave the 1 and 10 micro-g ellipses as undisturbed as pos- 
sible. As will be seen in the following profiles, and in the summary of 
the micro-gravity analysis, the position of the C.M. is the most signif- 
icant factor in the position of the micro-g ellipses. 

108 



I 
I 
I 
I 

n 

1 
a 

I 
I 
8 

I 
I 
I 
1 

I ’  I 

I 

c3 
E 

’! ! I 
I 

I 

I 

109 



LUNAR BASE ACCOMMODATION STUDY 

STATION CONFIGURATION (OPTION #1B) 
MICRO-GRAVITY PROFILE 

1 
1 

This figure shows the static micro-gravity characteristics for option #lB 
By placing both the hangar and tanks above the transverse boom, the C.M. 
and, thus, the center of the micro-g ellipses were offset well above the 
boom and, more importatly, well outside the module cluster. The implica- 
tion, of course, is that science or materials payload requirements for a 
static 1 mG acceleration will not be met inside the Laboratory or Habita- 
tion modules. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION CONFIGURATION (OPTION #1C) 
MICRO-GRAVITY PROFILE 

1 
1 
1 This figure shows the static micro-gravity characteristics for option #1C. 

As with option #1B, the placement of the hangar and tanks moved the C.M. 
and the center of the micro-g ellipses well above the transverse boom. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION CONFIGURATION (OPTION #1D) 
MICRO-GRAVITY PROFILE 

This figure shows the static micro-gravity characteristics f o r  option #1D. 
As with options #1B and #IC, the placement of the hangar and tanks moved 
the C.M. and the center of the micro-g ellipses well above the transverse 
boom. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION WITH HANGAR (OPTION #2A) 
MICRO-GRAVITY PROFILE 

I 
1 

This figure shows the static micro-gravity characteristics f o r  option #2A I 
i 
i 
I 

1 
I 
1 
I 
I 
1 
I 
I 
I 
I 
I 

By moving the massive propellant tanks off the station, the C.M., and the 
center of the micro-gravity ellipses, remains nearer the transverse boom. 
In this option the hangar is at the top of the upper keels and the 1 
micro-g ellipse is offset only a few meters from the boom. 
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LUNAR BASE ACCOMMODATION STUDY 

STATION WITH HANGAR (OPTION #2B) 
MICRO-GRAVITY P R O F I L E  

This figure shows the static micro-gravity characteristics for option #2B I 
Here the hangar was placed much nearer the the transverse boom and the 
center of the 1 micro-g ellipse is very near that of the CETF IOC station 1 
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LUNAR BASE ACCOMMODATION STUDY 

CONFIGURATION ANALYSIS 

This chart summarizes the results obtained from the s,atLc micro-grav 
analysis performed for options #lA-#2B. 
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LUNAR BASE ACCOMMODATION STUDY 

ORBIT LIFETIME CHARACTERISTICS 

This chart contains results obtained from the analy.s,s of the 
orbit lifetime characteristics of each sub-option and for the CETF 
IOC station. The orbit lifetime of an object-in space is dependent 
on the ratio of total projected area in the direction of the velocity 
vector to the total mass of the object. This ratio is called the 
ballistic coefficient. It can be seen from the chart that options' 
#2A and #2B have considerablv smaller ballistic coefficients (and 

- 

correspondinly shorter orbit-lifetimes). than options #lA-#lD, but that 
all the options have a smaller coefficient and higher lifetime than 
the CETF IOC station. This is due to the fact that the added mass of 
the hangar, (on options #lA-#2B), and that of the propellant tanks 
(on options #lA-#lD), is enough to offset the considerable increase 
in projected area. The other side of the story, of course, is that 
even though the orbits of each option take longer to decay, their 
considerably higher total mass requires more propellant to perform 
a reboost maneuver. Luckily, the additional reboost propellant which 
is required is negligible when compared to the total mass of the 
lunar vehicle accommodations, and so should not be considered a problem. 
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LUNAR BASE ACCOMMODATION STUDY 

CONFIGURATION ANALYSIS  

The most significant results of the orbit lifetime analysis are sum- 
marized on this chart. 
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LUNAR BASE ACCOMMODATION STUDY 

OTHER CONSIDERATIONS 

This chart lists the key concerns and results obtained from a qualitative 
consideration of the necessary robotic support for the lunar mission. 
is clear that a high level of automation in the assembly and verification 
of the vehicle stacks, and in the routine replenishment of propellant 
stores will be required to effectively support a lunar base. 

It 
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LUNAR BASE ACCOMMODATION STUDY 

OTHER CONSIDERATIONS 

I 
1 

128 

This chart.shows the key concerns and results obtained from a qualitative 
consideration of the OMV traffic and of the viewing problems asscociated 
with lunar mission support. Related results appear later in this report 
during the discussions of science impacts and space station traffic. 
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LUNAR BASE ACCOMMODATION STUDY 

ORBITING SUPPORT FACILITY ( O S F )  

Although this study concentrated on determining impacts to the current 
station design, it was helpful to develop concepts for a co-orbiting 
platform for support of lunar vehicles (options # 3  and # 4 ) .  No attempt 
was made to analyze these concepts as was done for options #1A-#2B, 
the important features that such a facility would be required to provide 
are shown on the facing page. 
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I LUNAR BASE ACCOMMODATION STUDY 

ORBITING SUPPORT FACILITY ( O S F )  

An Orbiting Support Facility (OSF) concept ( options # 3  and # 4  ) is 
illustrated by the structure shown. Features include areas for OMV 
and shuttle docking, propellant tanks conveniently located for vehicle 
fueling, storage areas in the corners of the structure, access routes for 
movement of robotic arms, and room for a crew module or command center. 
As previously stated, several similar concepts have been developed with 
the same features to provide appropriate support for transportation 
needs in LEO. These concepts included an open box similar to but larger 
than the one shown, a dual keel derived platform, and a prism shaped 
platform. I 
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LUNAR BASE ACCOMMODATION STUDY 1 
I RECOMMENDED FURTHER ANALYSIS 

The analyses described in this section of the report have led to the 
identification of several studies which would fill out and complete 
the outstanding issues mentioned. Particularily, a comprehensive 
analysis of the dynamic environment induced by lunar mission support, 
and its effect on the space station structure and on planned science 
activities, would add considerably to a complete understanding of the 
appropriateness of options #1 and #2. Similarily, a quantitative analysis 
of the propellant related issues listed, and of the risk associated 
with the increased LEO traffic would better establish the viability of 
each basing option. 
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LUNAR BASE ACCOMMODATION STUDY 

CONCLUSIONS 

The conclusions drawn from the analyses described ,n this section of 
report are listed on this chart. 
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LUNAR BASE ACCOMMODATION STUDY 

OUTLINE 

The purpose of this portion of the presentation is to develop 
the Kennedy Space Center (KSC) requirements to support a lunar 
mission scenario. To do this, the basic mission parameters, such 
as weight to Leo,lunar launch rate, and crew requirements, are 
defined and a launch rate out of KSC is established to support 
these parameters. The first part of this presentation is the 
establishment of the mission parameters and the second part is 
the support required through KSC to accomplish the mission. 
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LUNAR BASE ACCOMMODATION STUDY 

PROPELLANT WEIGHT TO LEO 

This chart indicates the assumptions made on propellant needs 
for the lunar missions, and is based on the mission elements 
as defined under the lunar vehicle and space station presentations 
already given. The number of total missions could be either 
6 or 7 per year and are carried as two possibilities. 
A l s o ,  several types of fuel were assummed to be needed. 
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LUNAR BASE ACCOMMODATION STUDY 

PAYLOAD WEIGHT TO LEO 

The baseline values shown here include all of the lunar delivery 
material other than propellant, and includes the astronauts and 
their support needs. With the two possible mission numbers per 
year, the total deliverable mass has been determined. 
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1 
I LUNAR BASE ACCOMMODATION STUDY 

THE NEED FOR A HLLV 

The purpose of this chart is to show the magnitude of mass to 
Leo required to support the lunar activity on a yearly basis. The 
total mass is larger than the STS can support on its own, and 
in fact it requires the support of a large (200 k 1bs.payload 
to space station orbit) Heavy Lift Launch Vehicle (HLLV) to meet 
the mission requirements.This mission profile could not be supported 
realistically even with an 85 k lbs. HLLV, because it would require 
more than 23 HLLV launches per year plus the STS launches or 
a total of more than 30 launches oer year out of KSC. This is 
an unrealistic and unachievable launch rate. 
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LUNAR BASE ACCOMMODATION STUDY 

HEAVY LIFT LAUNCH VEHICLE CONCEPT 

The chart is intended to show the size and configuration of a 
typical HLLV as proposed. This vehicle weighs 4.5 M lbs. and 

I carries a payload of 150-200 k lbs. to the space station!orbit. 
I 
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LUNAR BASE ACCOMMODATION STUDY 

I 
I 
I 

SINGLE SITE SERIAL SERVICING 

Lunar vehicle servicing in LEO is constrained by many factors 
which are not related to the vehicle itself. Primarily bbcause 
of manpower, facility, and equipment constraints, all servicing 
must be done consecutively at a single location, called single 
site serial servicing. This procedure is the only realistic operating 
mode, since the capacity on orbit to process two vehicles at 
the same time is not planned. Secondly, with a 55-day launch 
cycle, this serial processinq must be accomolished within this 
5S-day window. 

- - 
I 

On the next two consecutive charts, a listing of the servicing I 
tasks needed f o r  a single lunar mission are listed, and a time 
line dafined for serial processing of the servicing activities. This 
time line is in units of shifts, which each consist of the entire 
workday f o r  a crew of three, which is the minimum crew when EVA 
tasks are included. 
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LUNAR BASE ACCOMMODATION STUDY 

S S S S CONTINUED 

These charts are not an engineering evaluation of the lunar vehicle 
itself, but are a lunar vehicle turnaround scenario based on 
the given set of parameters. In short, what these charts show 
is if you want the vehicle processed in 55 days this is the type 
and rate of processing that would be required. The total activity 
would require 93 shifts of work to be accomplished. Now, 
actual crew size can be determined from these shift requirements. 

the 
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LUNAR BASE ACCOMMODATION STUDY 

CREW SIZE REQUIRED 

Based on the space station crew working limit of six days per 
week, the 93 shift work load would take one team 109 calendar 
days to complete. With twice as many teams, the servicing workload 
would be completed in half the time, or 55 days. 

Therefore, to support a 55 day lunar mission turn around time, 
two teams working serially would be sufficient, providing no 
unexpected delays occur during this servicing. In addition, the 
4-man mission crew would also be needed, bring the total space 
population to 10 crew. 
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LUNAR BASE ACCOMMODATION STUDY 

CREW SIZE REQUIRED IN SPACE 

This chart represents the crew required in space in support of 
lunar and space station activities for the first 16 years after 
IOC, including 1996-2011. The crew scale is listed on the left 
side of the chart, with the un-noted black triangles indicating 
manned and the "um" triangles indicating unmanned lunar 1aunches.In 
the year 1996, there is shown the IOC Space Station with its 
8 crew which increases to 12 in the year 1997 to support the 
lunar base precursor activities. This crew increase is space 
station crew actively building the associated facilities for 
the future lunar accommodations. 

In the year 1998, the verification crew returns to earth and 
the lunar support crew of 6 arrives. This crew is dedicated to 
lunar missions support, and increases the space total to 14 crew.- 

In the year 2000, phase I1 or manned missions to the moon's surface 
begin, and on station there is the 8 man IOC crew, 6 man lunar 
support crew, and the 4 man lunar mission crew. When the flight 
crew returns to earth, the total crew compliment drops to 14 
again. In the early part of phase 11, the lunar mission crew 
are on three week duration missions until 2002 when the stay 
time is increased to 55 days. The spikes shown during this phase 
are the 4 man replacement crew in space and changing out with 
the mission crew on the moon. These 4 crewmen spikes continue 
thereafter indicative of the lunar mission. 

There is also shown a lunqr fly-by mission in late 1999. 

In the year 2005, the permanently man tended lunar base starts, 
where the lunar stay times have been increased to 110 days. Starting 
in the year 2008, the 6 man MLM is on line so the lunar crew 
size is increased to 12 or the total crew in space totals 32 
crewmen. This crew is distributed as follows: 8 crew IOC station, 
6 crew lunar support, 12 crew lunar missions and 6 new lunar 
mission crew for changeout on the moon. 
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LUNAR BASE ACCOMMODATION STUDY 

110 DAY CREW CYCLE/18 CREW TOTAL ON ORBIT 

This chart describes the form and content of the following several 
charts, which contain the data needed to define a launch scenario 
for KSC. The charts define a mixed fleet launch schedule above 
a heavy dark line in the middle of the page and shows both the 
STS and HLLV launches for a typical 12 month period. The STS 
launches are categorized into either space station or lunar base 
launches, and the HLLV launches are defined as either propellant 
or payload launches. The total KSC launch rate is 26 launches 
per year or once every 14 days. 

This chart defines the assumptions and definitions for the various 
quantities on the following charts, and are essentially self-desc- 
riptive. 
There is also indicated on the bottom of the chart a typical 
lunar mission schedule to indicate the serial processing required 
to accommplish each mission. This format for the missions is 
shown on the bottom of the actual mission schedules that follow. 
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LUNAR BASE ACCOMMODATION STUDY 

18 CREW TOTAL ON ORBIT 

LUNAR MISSION SCHEDULE 

The purpose of the next few charts is to establish a mixed fleet 
launch manifest that meets both crew and logistical requirements 
for the lunar missions. Because the station lunar vehicle build-up 
and test activity is a constant from lunar launch to lunar launch, 
the lunar vehicle logistical delivery schedule will a l s o  become 
a constant from launch to launch. Crew delivery on orbit also 
follows this pattern: If a certain type of crewman is required 
x number of days before launch, then the next mission will also 
require that type crewman x days before launch. If the lunar 
launch rate is on 55 day centers then the STS and HLLV will also 
be required to launch on 55 day cycles. 

Below the heavy black bar on this chart, the lunar missions for 
a typical year are shown launched to the moon on 55 day centers, 
with two manned launches for every unmanned. The lowest part 
of the chart shows the activities that are required for each 
of these lunar launches, with the mission bar starting at the 
same time as the lunar mission triangle indicates. Activities 
for two crews working serially have been included, and show that 
all activity required can be accomplished.' 
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LUNAR BASE ACCOMMODATION STUDY 

18 CREW TOTAL ON ORBIT 

LUNAR CREW MANIFESTING 

This chart shows the same yearly launches as the previous charts 
above the heavy black line. Below the line are shown the lunar 
missions f o r  a different calendar year than previously illustrated, 
but still indicating the typical crew requirements f o r  these 
missions. The lunar crew required are separated into two categories, 
mission crew and support crew. Since the STS is defined to carry 
5 crew and the lunar missions have only 4 crew, then 1 of these 
crewmen is shifted to support as shown, and there are either 
10 or 6 crewmen supplying support services at any given time. Crew 
changes coincide with the lunar STS launches as indicated above. - 
Results from these comparisons are noted on the next chart. 
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LUNAR BASE ACCOMMODATION STUDY 

18 CREW TOTAL ON ORBIT 

NOTES 
B 

l 
I 

This chart summarizes the results of the comparisons from the 
previous charts on the support of the lunar base. Key items are 
as follows: 

1. All of the launches must be synchronized with the lunar missions, 
and this approach does not allow for any delays in any flights. P- 
racticallity dictates that some allowances should be made for 
contingencies in some flights. 

2. Contingency allowance should be made in the lunar mission 
schedules and has not been included herein. 

3. Payload storage on orbit can be as long as three months and 
is unacceptable for the propulsion flights (with boiloff problems, 
controlability, etc.) The schedules should be adjusted to account 
f o r  keeping payloads only f o r  relatively short times before they 
are needed for a lunar launch. The nominal mission needs do not 
allocate any time for major system improvements or replacement 
even though there might be many major improvements developed 
before the lunar flights become routine. 
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LUNAR BASE ACCOMMODATION STUDY 

15 CREW MAX ON ORBIT 1 
1 
1 
I 
1 

This chart shows the effect of reducing the number of lunar missions 
from the previous seven per year to only two missions per year. The 
number of STS flights per year is only reduced from 13 to 12 
during the year, saving only one STS lunar support launch. Therefore, 
the STS launch limitations remain as a major bottleneck for the 
support of the lunar base missions. The major reduction in launch 
activity is the saving of six HLLV flights, primarily for propellant. 

The crew requirements are also shown at the bottom of the chart, 
where the mission crew line refers to the entire four man mission 
crew and the support crew line refers to all three of the support 
crew. The option noted at the bottom of the chart indicates the 
possibility of having two support crews with overlapping activities, 
thereby increasing the crew on orbit to 18. 
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LUNAR BASE ACCOMMODATION STUDY 

ETR FACILITY REQUIREMENTS 

This chart indicates the changes that need to be made at KSC 
to support the required lunar mission launch rates of 26 flights 
per year. Changes are defined in three categories; mods to existing 
facilities, entirely new facilities, and new equipment. 

Mods to the existing facilities include improving both pads A&B 
and all four high bays of the Vehicle Assembly Building, reconfiguring 
the LCC and increasing the SSHAZ facility. Most of these changes 
would be to accommodate the required HLLVs. 

The new facilities required are listed on the chart and are self 
descriptive. 

The new equipment required includes two mobile launch platforms 
and a payload transporter for the HLLV. 

These HLLV additions would be required for nearly any extended 
future missions, whether they were for lunar base accommodation 
or manned Mars missions, or any other missions. They allow the 
launch of 200 k lbs. of mass each flight, and this size allows 
many advanced missions. 
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LUNAR BASE ACCOMMODATION STUDY I 
KSC PROCESSING 

This presentation was based on a nominal flow and using the present 
philosophy of "launch when everything is right". This lunar operation 
requires a launch-on-demand philosophy which can be very inefficient 
in terms of our present operation mode. Once this program has 
started, the ability to recover from problems and meet the scheduled 
launch dates is imperative , and this is what requires the new 
philosophy. 

With this launch-on-demand philosophy NASA will be required to 
have the vehicle ready to launch when the schedule calls and 
every time the schedule calls . To do this, the agency needs 
to be able to operate at less than it's maximum capacity to meet 
the nominal flows and use that remaining capability to recover 
from problems and still meet the scheduled launch dates. Using 
this remaining capability to recover from problems requires not 
only scheduled contingency time, but also additional shuttles, 
launch pads, and HLLVs. 
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LUNAR BASE ACCOMMODATION STUDY 

LUNAR BASE TECHNOLOGY ISSUES 

1 
I 
I 
I 

TOP LEVEL 

This set of two charts identifies the top level technology issues that 
must be addressed in order to establish a permanently manned presence 
on the moon . These technologies are "across the board" or generic 
in nature and are required to support the evolutionary lunar base progra) 
discussed in this report. These technologies were not priortized or 
time-phased but did serve as a basis for a point of departure in the 
study to determine areas of specific emphasis for the IOC space station 
support. For example, the structures, automation and robotics, and 
life support technologies developed under the space station program 
are directly transferable to lunar base applications. 
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LUNAR BASE ACCOMMODATION STUDY 

TOP LEVEL TECHNOLOGY ISSUES 

(CONTINUED) 

It should be pointed out that in this study only those technologies 
that needed the space station for direct support were considered in 
any depth. Areas such as surface transportation, power generation, 
and thermal protection, for example, could be done best on the ground, 
with prototype and final hardware demonstration and verification being 
done on the lunar surface. 
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I 
8 

LUNAR BASE ACCOMMODATION STUDY 

TECHNOLOGY ISSUES-SPACE STATION FOCUSED 

The first five technology issues shown in this chart depict those te 
ogies that this study identified as needed early in the program. The 
techologies are identifed as "Accelerated Emphasis", and may be cons 
as enabling technologies, whereas the technologies under "Space Stat 
Supporting" could be considered as "enhancing" technologies and will 
be accommodated by the space station in any event. 
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LUNAR BASE ACCOMMODATION STUDY 

DETAILED TECHNOLOGY ISSUES 

I 
1 

The next two charts show the technology issues just defined with a 
brief statement as to their application to the lunar base program. In 
most cases, the applications are shown as near-term and long-term require- 
ments. For example, the automation/robotics technology, while key to 
the success of the lunar vehicle on-orbit servicing/refurbishment require 
ments, is also an essential technology necessary to support lunar base 
surface operations. This is equally true f o r  the automated rendezvous- 
/docking issue where sophisticated systems are required to support 
the numerous LEO and lunar orbital operations that will be required. 
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LUNAR BASE ACCOMMODATION STUDY 

DETAILED TECHNOLOGY ISSUES 

Guidance, navigation , and control and communication and tracking are 
also key technology issues, especially when the extensive traffic expecte 
in the space station vicinity is considered. In the EVA area, lighter 
more rugged suits with increased mobility will be required to support 
both LEO and Lunar surface operations. 
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LUNAR BASE ACCOMMODATION STUDY 

TECHNOLOGY ISSUES 

PROPELLANT DEPOT/TANK FARM 

As mentioned earlier, the handling of the cryogenic propellants at 
the propellant depot/tank farm needs early emphasis, since the transfer 
and storage of propellants is critical to the mission"s success and 
performance. This becomes even more apparent later in the program when 
lunar oxygen production bscomes a reality. The successful solutions 
to the issues raised here are also keyed to the supporting automation/- 
robotics and the automated rendezvousand docking technologies. 
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LUNAR BASE ACCOMMODATION STUDY 

TECHNOLOGY ISSUES 

I I IN-SPACE PROCESSING/OPERATIONS 

The technology issues on this chart evolved from the analysis of the 
lunar vehicle in-space processing and turnaround requirements.The 
spacebased diagnostics/prognostics issue is key to successfully meeting 
the rigid turaround schedule used in the study and for establishing 
the high degree of confidence required for safe system operations. 
The degree of modularity, the level of component changeout and replacemen 
engine/tank reusability, spares inventory, etc. will be a real challenge 
f o r  the designers to provide "serviceability" to the lunar vehicle 
systems. 

It should be noted that L e R C  is proposing studies on reuseable space 
propulsion systems that should be directly applicable to any in-space 
vehicle processing, especially in the area of expert systems f o r  mon- 
itoring, diagnostics, and control. 

The issue of on-orbit processing of hazardous (wet) systems and the 
transfer of crewmen in pressurized modules to fueled space vehicles 
will a l s o  require new and inovative "operational philosophies" and 
engineering ingenuity in order to provide timely and safe solution 
to these problems. 
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LUNAR BASE ACCOMMODATION STUDY 

VEHICLE COMPARISON 

This chart shows the magnitude of some of the challenges associated 
with on-orbit vehicle processing and refurbishment. The chart shows 
the space shuttle and the manned lunar vehicle used in this study 
to the same scale. Not only is the lunar vehicle as big as the shuttle, 
but it is at least as complex. It has more engine systems and more 
vehicle elements that must be serviced, integrated, and checked out- 
all on-orbit and with a crew of six on a two-shift operation1 Even 
if the flight rates and the turnaround times assumed in this study 
were relaxed, considering what it takes now to process the shuttle 
in terms of people, time, operations, etc., it will be a real challenge 
to accommodate the lunar vehicle operations on-orbit. 
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LUNAR BASE ACCOMMODATION STUDY 

TECHNOLOGY ISSUES- SYSTEMS LEVEL 

I The next three charts present the systems level technology issues 
for the major flight hardware elements of the lunar vehicles. Each 
of the new development items that make up the lunar vehicle is listed 
along with the major subsystems/functions that comprise that element. 
In an attempt _ _  to define the technology readiness of the flight hardware, 
an overall assessment of the availability of the technology is shown 
in the first two columns. These technology requirements were identified 
as being space station derived, new technology, or some combination 
of both. As can be seen, over half of those identified were found 
to be highly dependent on space station heritage. 

The applicability of using the shuttle and/or space station experience 
(or test bed capabilities) for the on-orbit development and testing 
for lunar base elements is indicated in the last two columns of the 
charts. 
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LUNAR BASE ACCOMMODATION STUDY 

TECHNOLOGY ISSUES-SYSTEMS LEVEL 

OTV SYSTEMS 

I 
I 
I 
I 

This chart indicates the technologies needed for the OTV. The OTV 
main engine is an excellent example of capitalizing on the experience 
base accumulated on the shuttle main engines (SSME's). This base, 
along with the proposed LeRC efforts on reusable space propulsion 
systems, will be invaluable in finding solutions to the challenges 
of on-orbit vehicle processing/refurbishment. 
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LUNAR BASE ACCOMMODATION STUDY 

TECHNOLOGY ISSUES- SYSTEMS LEVEL 

EXPENDABLE ELEMENTS 

systems level analysis, the single common thread that ran 
11 of the systems elements was the command and control inter 
This requirement was due primarily to the "man-in-the-loop" 

be an integral part of all vehicle systems with which he 
rface. No matter how sophisticated the automated rendezvous 
systems become, the crewman must have the capability to moni 
nd intervene if necessary, to take active, real-time control 
hicle or situation of which he is part. 
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LUNAR BASE ACCOMMODATION STUDY 

ON-ORBIT DEMONSTRATION PROGRAM CONSIDERATIONS 

The next two charts address the on-orbit demonstration program. The 
lunar vehicle system elements are shown, with the testing and verificatio 
requirements listed for each of these major flight hardware items. 
In addition to those listed, there will be end-to-end testing and 
all-up mission simulations required with the totally integrated lunar 
vehicle configuration. 
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LUNAR BASE ACCOMMODATION STUDY 

ON-ORBIT DEMONSTRATION PROGRAM CONSIDERATIONS 

CONTINUED 

The single common thread shown throughout these charts was the importance 
of demonstrating and validating the "Servicability" feature of each 
of the lunar vehicle elements. As has been noted, being able to process 
the vehicle on-orbit in a timely and efficient manner with the high 
degree of confidence required for safe operations and mission success 
is going to be a real challenge to both designers and crew alike. 
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LUNAR BASE ACCOMMODATION STUDY 

ON-ORBIT SUPPORT AND DEMONSTRATION PROGRAM 

CREW AND VOLUME REQUIREMENTS 
.- The following two charts show the crew and volume requirements necessary 

to support the on-orbit demonstration program discussed earlier. The 
numbers shown for crew requirements in the years indicated are in 
manyear equivalents, and f o r  this analysis it was assumed that one 
on-orbit manyear was equivalent to 2808 manhours. These manhour estimates 
were derived primarily from analysis of the technology development 
data base (TDMX) payloads as described in the space station MRDB, 
and include both IVA and EVA tasks. 

For the specific tasks listed on this chart, no internal or pressur- 
ized space station volumes were required. 
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I LUNAR BASE ACCOMMODATION STUDY 

ON-ORBIT SUPPORT AND DEMONSTRATION PROGRAM 

CREW AND VOLUME (CONTINUED) 

On this chart, rather large manhour requirements are shown in the 
areas of lunar vehicle subsystems, systems monitoring, and orbital 
support facilities ( O S F ) .  Lunar vehicle subsystems monitoring requires 
rather routine but continuous activity from the crew. Systems monitoring, 
on the other hand, requires an intense manpower involvement while 
tests of the rendezvous/docking, fueling, landing/ascent demonstrations, 
vehicle assembly, space cryogenics, etc. are in progress. 

The relatively high manloading shown for OSF activities includes the 
work required for the facility construction/assembly in 1997, and 
the manpower required to develop, test, and validate the vehicle process- 
ing and turnaround qperational procedural requirements during the 
two years prior to phase two initiation. 

The volume requirements shown here are in terms of station double 
rack equivalents and represent the pressurized/internal volumes needed 
to accommodate the monitoring and command/control functions associated 
with the indicated testing/verification support demands. 
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LUNAR BASE ACCOMMODATION STUDY 

ON-ORBIT SUPPORT AND DEMONSTRATION PROGRAM 

POWER REQUIREMENTS 

This chart summarizes the average power requirements used during this 
on-orbit demonstration phase. The power usages in the lunar vehicle 
subsystems and systems monitoring entries represent the basic load 
requirements necessary to sustain these test functions and includes 
an allowance to support the command/control functions from the station. 
In the OSF case, the requirement includes the manipulators, the AcR 
support, the service bay facilities, monitoring, etc.. ~f option 3 
is selected as the preferred operating mode, this power load disappears 
as far as the space station is concerned. 

The power shown for space cryogenics comes from a TDMX in the MRDB, 
and includes the power necessary to support the technologies associated 
with storage, refrigeration, reliquefication, and transfer techniques. 
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LUNQR BASE ACCOMMODATION STUDY 

ON-ORBIT PROGRAM SUMMARY 

I 
I 
I 

The space station resource requirements (crew, power, volume) are 
summarized on this chart. The average crew requirement is four manyears/- 
year, with an average annual power requirement of from six to eleven 
kilowatts depending upon the lunar vehicle basing option selected. 

A peak requirement of eight crew is shown and is due to an increased 
crew complement needed during O S F  build-up in 1997, and the additional 
crew required to support the lunar mission simulations in 1999. A 
peak power demand of 15-20 KW results from requirements associated 
with space cryogenic development and demonstration testing. 
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I LUNAR BASE ACCOMMODATION STUDY 

TRAFFIC EVENTS AT SPACE STATION 

One of the stated objectives of this study was to determine lunar 
base mission impacts on the IOC space station. This chart presents 
the results of a traffic assessment conducted to quantify disturbances 
to the station resulting from the vehicular activity required to support 
the lunar mission. 

The results summarized here show the total number of traffic events 
expected at the station for both the manned lunar missions and the 
unmanned cargo missions during the 55-day turnaround cycle. The results 
are shown for three of the lunar vehicle basing options used in the 
study. In this analysis, it was assumed that, for the options considered, 
the OMV was station based. 

The differences between the traffic on the station for options one 
and two were insignificant. The differences were due to the transfer 
of the lunar vehicle stack to the co-orbiting propellant tank farm 
(PTP) for fueling in the cargo missions and having an additional trip 
to the PTF to transfer the mission c r e w  to the lunar vehicle in the 
manned case. 

In option three. the high traffic rate results from transporting the 
double shift lunar support crew between the station and the Orbital 
Support Facility (OSF) in order to meet the 55-day turnaround cycle 
discussed earlier. In this option, the OMV utilization accounted for 
nearly all of the traffic events. 
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LUNAR BASE ACCOMMODATION STUDY 

OMV UTILIZATION- 55 DAY TURNAROUND 

This chart shows the OMV utilization for the three lunar vehicle basing 
options for both the manned and unmanned (cargo) missions. All of 
the events shown here are due to the OMV utilization. Although implimen- 
tation of option three creates the most potential traffic density 
risks in the station vicinity, this option probably has the least 
effect on the space station/micro "g" environment due to disturbances. 

In options 1 & 2, rather large masses (HLLV's and lunar vehicles) 
are being moved to and from the station, and hence the potential distur- 
bances are of considerably greater magnitude than those in option 
3, where only crew is being transported back and forth. 

Further studies are needed, however, before a final decision on any 
option can be made. These studies should include: 

1 
I 

-dynamic response analyses 
-contamination analyses, including cryo boil-off, RCS effects 
-propellant explosion, traffic density r i s k s  
-0MV requirements analysis,including minimizing transport 
time between station and OSF (less than 2 hrs. per trip), 
vehicle control authority to handle over 150klbs., 
pressurized transfer of up to six crew, etc. I 
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L AR BASE ACCOMMODATIO STUDY 

CONCLUDING REMARKS/OBSERVATIONS 

I 
I 
I The key conclusions drawn from this section of the report are restated 

here. The first three remarks are directed toward the OMV-type capability 
that is needed to support the lunar base initiative. 

1 From the documentation available to the study, the OMV's being considered 
in the IOC space station time frame do not appear adequate to fully 
support the orbital activities required by the lunar missions. Studies 
are needed to define the requirements for an OMV-type vehicle that 
is specifically tailored to satisfy the broad range of tasks necessary 
to support this program. 

1 
The success of the lunar base missions depends primarily on the ability 
to meet the rigid turnaround schedules established in this study and 
to find solutions to the space storable cryogenics issues. Automated 
rendezvous and docking is also critical to mission success when the 
complexity of performing this function with man in the loop is consideredl 
and in both LEO and Lunar orbits. 

I 
I 

Practical solutions to all of these issues will present real challenges 
to planners. designers, and operators alike in carrying out such an 
ambitious program. 
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LUNAR BASE ACCOMMODATION STUDY 

SCIENCE IMPACT DEFINITION 

This chart simply makes the point that some planned science payloads 
on the station will not be compatible with the lunar base needs, 
and the objective of the science impact studies is to define 
which science experiments are effected. 
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LUNAR BASE ACCOMMODATION STUDY 

KEY GROUNDRULES AND ASSUMPTIONS 

This chart indicates that the mission model used was derived 
from the CNDB using constrained option 1. Also total resource 
requirements are presented for the three primary resources. 
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LUNAR BASE ACCOMMODATION STUDY 

MISSIONS ON STATION AT IOC 

This chart lists and defines the experiments from the CNDB that 
have been defined as IOC experiments. They are of all types: 
technology, science, international, etc. and are the subset of 
experiments that should be evaluated for lunar base implications. 
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LUNAR BASE ACCOMMODATION STUDY 

SPACE STATION SCIENCE SUMMARY 

This chart summarizes the payloads categorized by the four types 
of science, and defines the resources needed and the type of 
environment each payload requires. 

The material processing activities include crystal growth type 
experiments, for example, which require a micro-g environment 
and high power heaters with heavy crew involvement. 

Applying the expected lunar base activity to the environments 
shown in the table allows a quick assessment of the possible 
impacts from lunar base on the space station science. 
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LUNAR BASE ACCOMMODATION STUDY 

LUNAR BASE EFFECTS ON STATION SCIENCE 

I This chart identifies the effects of the four study options on 
station science activities. 
for the lunar missions being done on the station, to everything 
being done on an accompanying free-flyer.The column on changes 
in station environment describes the lunar base elements and 
activities that would effect the station, and the final column 
describes the station environmental changes caused by the lunar 
elements. For example, the lunar vehicle hangar would cause reduced 
field of view for the outward and inward viewing science experiments 

These options range from everything 

depending on the hangar's location. 

As more of the activity is moved off of the station the effects 
on station science activities is reduced, until finally the effects 
become negligible. 
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LUNAR BASE ACCOMMODATION STUDY 

ENVIRONMENTAL/RESOURCE EFFECTS ON SCIENCE 

This chart indicates where lunar base activity has the most effects. 
The payloads are divided into nine categories as shown, and the 
areas of concern are divided into seven categories: The torque 
equilibrium angle, the field of view, the micro-gravity environment, 
contamination possibilities, crew motion, control and pointing, 
and stability of the center of gravity. An X is placed in those 
locations where a change in area of concern has an effect on 
any of the payload groups. Two X ’ s  indicates a serious or major 
effect that could stop the experiment. For example, material 
processing activities (like crystal growth) require a steady, 
low g level and a serious change to the g level would stop crystal 
growth activity until stabilized. Therefore, a double X occurs 
in that location in the chart. 

This table addresses options 1 and 2 only, since the effects 
of options 3 and 4 on the science experiments are minimal and 
impact only a small s u b s e t  of the  experiments .  
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LUNAR BASE ACCOMMODATION STUDY 

CONCLUDING REMARKS 

I 
1 

I 

This chart shows the basic effects of lunar base on station science. 
The major science experiments adversely effected by lunar activity 
are the material processing missions where micro-g may be destroyed 
for large periods of time and the observational experiments where 
the large facilities for lunar base cause field of view reductions. 

The technology and life science missions are least effected by 
the lunar base accommodations, and can continue unaltered except 
for scheduling of the astronauts IVA/EVA work time. 

The shifting of a significant amount of the lunar element assembly/ 
servicing activity away from the station causes the least disruption 
of station science activities and is the most logical step to 
take for science mission accomplishment. 
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LUNAR BASE ACCOMMODATION STUDY 

SPACE STATION STUDIES COMPARISON 

There has been some interest expressed in a comparison of the results 
from the lunar base accomodation (LBAS) on the space station and 
the previous study conducted here in the space station office on 
the impact of a manned Mars mission (M3) on the space station. These 
two studies addressed completely different objectives; the M3 study 
considered a manned large vehicle flying from the station to Mars 
and return one time, whereas LBAS considered a short shuttling of 
astronauts back and forth to a nearby site for a permanent manned 
base. With such vastly different objectives, it is not surprising 
that the technology needs f o r  the two missions are different. 

This chart compares the two studies and explains their differences. The 
objectives were as noted. The background knowledge upon which these 
studies were based is extensive in both cases, and have no experiments 
common to both studies. The mission lengths and stay times are also 
shown, for M3 for the total mission and for LBAS for each crew trip 
of which there will be many. The primary concern for LBAS is the 
resupply of the crew on the lunar surface, while for M3 it is getting 
the crew there and back safely and well. 
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LUNAR BASE ACCOMMODATION STUDY 

MAJOR STUDY ACCOMPLISHMENTS 

This chart lists the activities that were undertaken during the lunar 
base study. Some of these activities were completed and reported 
in this presentation, while a few of the activities were only addressed 
in a summary fashion and still remain to be fully evaluated at a 
later date. All of these studies need to be readdressed in greater 
detail when the lunar base phase A/B activity begins. A l s o ,  the lunar 
base infrastructure still needs to be completely defined, and it 
is entirely possible that new technology developed in the future 
will cause some of the basic assumptions of this study to be changed. 
However, the topics addressed here are those of primary concern and 
should remain so. 
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LUNAR BASE ACCOMMODATION STUDY 

SUMMARY 

This chart synopsizes the facts learned from the entire lunar base 
study. These results are supported by the facts presented in the 
previous charts and are consistent with the data developed. 

The lunar base and its support missions can be characterized as long 
duration and operations intensive, with much flight activity needed 
on a continuins basis. Lunar base requires a very ambitious flight 

I 
1 
I 
II 
I 
I 
1 

schedule from fhe cape, and would swamp the current NSTS capability. Long 
leadtime items, like the expansion of the cape launch capability, 
must be started well in advance of the lunar base elements themselves. 
Automation and robotics must also be applied as much as practical, 
to increase safety and increase efficiency. A&R studies still remain 
to be completed. 

Increased Earth-to-orbit mass transfer was also noted as an important 
need to support the lunar base. Data was included to verify the need 
for HLLV to transport lunar hardware, and the need for a new crew 
transport vehicle was identified. Even the extra crew support for 
assembly and manning the lunar elements would strain the STS fleet. 

missions is initially on hardware technology development , testing 
for verification and some orbital demonstration experiments, but 
no significant lunarrequired science experiments. This period would 
be followed by significant lunar element assembly activity and mainten- 
ance tasks. 

such as a large assembly hangar attached to the station. The OMV 
and OTV must be redesigned to handle these heavy elements and must 
be man-rated and increased in number. In fact, the much increased 
traffic around the station raises the need for a traffic control 
system for the station and its free-flyers. It was also noted that 
contamination would become a large problem considering all the station 
traffic involved, and the sensitive observational instruments would . 
necessitate a contamination control system and procedure. 

1 
I 

I 

These assembly/maintenance tasks require significant station interfaces, I 
I 
I 

The focus of the station activities in support of. the Lunar Base 
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LUNAR BASE ACCOMMODATION STUDY 

CONCLUSIONS 

I 
I 
I 
I 
I 
I 
I 

These are the key conclusions derived from this study, and are supported 
by the data on the previous charts. 

lunar base missions, with an average yearly mass earth-to-orbit of 
1,500,000 lbs..To support such a continuous launch load, an HLLV 
(200,000 lbs. minimum capacity) is essential, with attendant cape 
expansion as well. The large crew requirements, including assembly, 
maintenance, and lunar crews, indicates the need for a new crew transport 
vehicle. 

The lunar vehicles are large and complex systems and require a great 
deal of crew time for assembly and maintenance. This same activity 
is handled on the ground by a 300 man team, and a similar activity 
must be accomplished on-orbit by a crew of three. Therefore, the 
lunar elements must be designed with modular, self testing/repairing 
components having increased reliability and robotics. This study 
concluded that Automation and Robotics must be applied throughout 
the operations disciplines for productivity and efficiency. 

The CETF configuration was found to be capable of supporting the 
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LUNAR BASE ACCOMMODATION STUDY 

ADDITIONAL QUESTIONS FOR SPACE STATION 

This chart indicates the additional and more detailed study efforts 
required to finalize the lunar base mission impacts on the station. 
The resource requirements must be defined in some detail for the 
lunar base, including assembly at the space station and launching 
into orbit for all of the many required components that end up in 
lunar orbit or on the surface. This activity must be defined over 
an extended period of time since the lunar missions will be continuous 
after the first permanent human habitation. The resources include 
power, crew, and volume as well as many other logistic resupplies. 

The influence of lunar base accommodation on the space station science 
experiments is expected to be large and extended, and all planned 
experiments will need to be reviewed as lunar technology tests are 
added to the space station science experiments. The three areas of , 

curent station technology are listed and should be assessed separately. 

There are also some unanswered questions on the influence of the 
lunar assembly and technologies on the primary environments of the 
station. That is, definition of the changes to the micro-g environment 
caused by the presence of the lunar base components must be defined 
(some information on this is presented later) and the blockage of 
experiment viewing by large lunar base supporting elements must be 
evaluated. The increase in station-based crew and crew activities 
is expected to cause a large increase in the dynamic loads on the 
station, and these loads might have a significant effect on any "quiet" 
experiments and activities. 

Another important factor to evaluate is the compatability of the 
lunar base elements with the station. The station must accommodate 
all lunar elements with adequate well-defined interfaces and still 
remain controllable under all situations. These types of studies 
and evaluations still remain to be completed after the detailed design 
of the lunar elements is done. The effects of the assembly and handling 
of these large elements must be evaluated and is often overlooked. One 
possible saving feature that has not been completely assessed as 
yet is the influence of Automation and Robotics. Many of the difficult 
tasks could be automated and done robotically more efficiently than 
humanly possible, reducing some of these effects to tolerable levels. 

Finally, the shifting of some of the more difficult operations from 
the space station to co-orbiting facilities should be assessed. Such 
a shift of activities would lessen the impact on the station and 
provide an expandable facility to accommodate any lunar activities. The 
propellant tank farm has been recommended before and has been addressed, 
and the provision of a special free-flying assembly "hanger" may 
be a convenient means for space construction of all types, particularly 
for the many-element lunar base. 
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